In order to determine the structure of the Chalk in the London Basin, a combined cognitive and 10 numerical approach to model construction was developed. A major difficultly in elucidating the 11 structure of the Chalk in the London Basin is that the Chalk is largely unexposed. The project had to 12 rely on subsurface data such as boreholes and site investigation reports. Although a high density of 13 data was available problems with the distribution of data and its quality meant that, an approach 14 based on a numerical interpolation between data points could not be used in this case. Therefore a 15 methodology was developed that enabled the modeller to pick out areas of possible faulting and to 16 achieve a geologically reasonable solution even in areas where the data was sparse or uncertain. 17 18 By using this combined approach, the resultant 3D model for the London Basin was more 19 consistent with current geological observations and understanding. In essence, the methodology 20 proposed here decreased the disparity between the digital geological model and current geological 21 knowledge. Furthermore, the analysis and interpretation of this model resulted in an improved 22 understanding of how the London Basin evolved during the Cretaceous period. 23 24 2
Introduction 27 28
Since 3D geological modelling became an economic and technical reality in the late 1980s 29 (Rosenbaum 2003) , there has been a remarkable growth in computer modelling applications able to 30 proffer 3D modelling solutions (Gibbs 1993 One of the key developments within the UK has been the increased availability of digital geological 38 data. The first major step was achieved through the digitisation of the Geological map (Jackson , 39 Green 2003). In subsequent years, data, for example borehole logs, tunnel maps and site 40 investigation reports, became increasingly available in digital formats (Bowie 2005 , Jackson 2004 . 41 This necessitated changes in data management practice (Culshaw 2005 , Turner 2006 ), such as the 42 requirement for data to be spatially registered in nationally recognised coordinate and elevation 43 systems and a move towards corporate databases which have nationally agreed data standards and 44 validation procedures (Baker , Giles 2000, Kessler et al. 2009 ). This increased accessibility of 45 digital data has resulted in 3D models moving from the conceptual model of (Fookes 1997) towards 46 the 'real' geological model of (Culshaw 2005 , Royse et al. 2008 . In order to fully complete this 47 process, improvements will be needed in the current algorithms and concepts used in current 48 computer modelling packages (Wycisk et al. 2009 ). 49 50 Geological 3D modelling software currently works in one of two ways, either using numerical 51 algorithms to interpolate between data points such as borehole data (Krige 1966 , Mallett 1992 or 52 by using a more cognitive interpretative approach, which allows for the incorporation of expert 53 geological knowledge between observational data points (Hinze et al. 1999 , Sobisch 2000 . In this 54 paper a numerical 3D modelling method is defined as one where numerical algorithms are used to 55 interpolate between data points (Wycisk et al. 2009 ) and a Cognitive 3D modelling methodology is 56 one where the modeller incorporates his own geological knowledge to connect between data points 57 (Kessler et al 2009) . Both systems have their advantages; however, for many 'real life' situations, 58 the best answer is one where a combination of both approaches should be used. This was the case 59 with the London Chalk Model (LCM) which comprises of a series of seven faulted layers, 60 representing six Chalk formations and the overlying undivided Palaeogene strata (Royse 2008) . 61
Producing as realistic a geological model as possible becomes more significant when the model is 62 to be used to generate further numerical datasets, for example, a groundwater model (Wycisk et al. 63 2009). The work presented in this paper was funded by the Environment Agency, Thames Region, 64 to support work on the production of a new hydrogeological model for the River Thames 65 catchment. 66 67
Geographical and geological context 68 69
The model encompasses an area within the catchment of the River Thames; it extends from 70 Hornchurch Marshes in the east to Hounslow in the west, up to Enfield in the north and down to 71
Croydon in the south (Fig. 1) . Geologically, the London Basin is a broad, gentle synclinal fold, 72 whose axis can be traced from Chertsey through to Southend-on-Sea (Fig. 1) . The basement rocks 73 (Palaeozoic strata) of the region belong to 2 distinct structural provinces. To the north is the London 74 Platform which is part of the Midlands Microcraton and in the south is the Variscan Fold Belt 75 (Ellison et al 2004, Fig 3. In this study, 12,400 lithostratigraphic and 200 geophysical (natural gamma and resistivity) 140 borehole records were looked at; these records are held in the National Geological Records Centre 141 and by the Environment Agency. The records are of variable age and quality and many lacked 142 useful lithological (or lithostratigraphical) information, the descriptions being too vague, imprecise 143 or inaccurate. In the end, some 4,300 borehole logs were found to provide useful information about 144 at least one stratigraphic boundary. Geophysical logs (natural gamma and resistivity) stratigraphic interpretation was based on work by 174 Mortimore and Pomerol (1987b) and Murray (1986) and is described more fully by Woods (2001 Woods ( , 175 2002 . Geophysical boreholes were scrutinised in a similar way to those of the lithological 176 boreholes; each record was first interpreted individually, and then each interpretation was compared 177 with that of its nearest neighbours, as a further check on the consistency of the interpretation. 178 179 Interpreted borehole data was then used to generate the 3D model, enabling the borehole records to 180 be considered relative to each other, in their local context. Borehole records which gave rise to 181 obvious anomalies in the modelled surfaces and which seemed to be in some way unreliable (e.g. 182 over-simplified drillers' logs) were noted within the modelling metadata files and then discarded. It 183 should be noted that borehole records which are somehow incorrect but which are nevertheless 184 consistent with the model will generally remain unsuspected (Aldiss et al 2004) . 185 constructed by correlating outcrop data with boreholes that were linked together in a network of 227 intersecting cross-sections. Data was included from a considerable distance beyond the project area 228 in order to ensure that regional trends were correctly represented (Fig 6a)  229 
230
The cross-sections were constructed in roughly orthogonal directions (north-south and west-east), 231 which allowed for borehole correlations to be checked iteratively across the area (Fig 6c) . Where 232 possible, cross-sections were placed at right angles to known geological structures. Shorter, 233
ancillary cross-sections on other alignments were constructed, in order to encompass local 234 variations and anomalies. Errors caused by data deficiencies were checked against the supporting 235 data and removed or smoothed. A total of 100 sections were constructed (Fig 6c) . 236 237 During model construction, metadata was recorded describing the geologist's decision-making 238 (cognitive) processes and any boreholes found to be erroneous. This is an essential part of the 239 procedure. Firstly, it is important that the model is repeatable; therefore the modeller needs to 240 record what assumptions or actions were made as part of the cognitive modelling method. 241
Secondly, it allows the eventual model to be reused at a later date when the originator may not be 242 reachable, thereby future-proofing the data. Once the model was assembled in GSI3D, the sections 243 were revisited to check that fault determinations were valid. 244 where faulting in the Chalk Strata was probable, was documented, see Table 2 . 268
269
At this stage 90 individual fault traces were picked out. As discussed above, known faults in the 270
London Basin are in reality zones of disruption which consist of a number of closely spaced en 271 echelon faults. Therefore the individual fault traces were viewed in a more regional context and 272 compared with the gravity anomaly and interpreted datasets in ArcGIS (Fig 3, Table 1) . This was 273 then used to produce a regional fault pattern for the London Basin. The resulting fault network 274 consisted of 13 major fault zones cutting across the project area (Fig 6 d) . It should be noted that the 275 relatively sparse distribution of subsurface data did not allow for the delineation of any but the most 276 obvious structures, particularly where the occurrence of small to medium scale faults in the Chalk is 277 less than the general spacing of the boreholes. 278 279
Numerical modelling 280 281
Once these steps were completed, the data was exported into GoCad. GoCad operates on the 282 premise that the geometry of any geological object can be defined by a set of points. An object 283 is modelled by the links connecting these points. The Discrete Smooth Interpolation algorithm 284 (DSI), which sits in the interior of the GoCad programme, was designed to model the geometry 285 of complex geological objects and account for any constraints, such as boreholes data, placed 286 upon it (Mallet 1997). 287
288
The data imported consisted of digital cross-sections generated in GSI3D, the original borehole 289 data, which were all imported into GoCad as 3D geo-registered point data, the NEXTMAP 290 DTM was brought in as a surface and the generalised fault network work (Fig 3) and digital 291 geological line work was imported in as 3D line datasets. Data exchange between the two 292 programmes (GSI3D and GoCad) was simply made through existing file exchanges. This data 293 provided the constraints to the final modelled surface produced in GoCad. 294
295
Using scripts 'wizards' within GoCad, triangulated surfaces were generated for each geological 296 formation and fault plane. The surfaces were constructed using the DSI algorithm to compute 297 the location of the nodes (Mallett 1997 ). This algorithm produces a geometry which is smooth, 298 but can also takes account of a set of constraints, in this case the borehole and cross-section data 299 (Galera et al. 2003) . Once this is done, a series of steps are followed which removes cross-over 300 errors between the surfaces. This is done through either applying thickness constraints or 301 moving surfaces above or below a reference surface i.e. the surface with the highest quantity of 302 good quality well distributed data. Once these stages were completed the resultant model could 303 be visualised and assessed (Fig 7) . 304 305
Comparison of the proposed 2 step methodology with a single step numerical modelling 306 method 307
After the modelling work was carried out, a comparison was undertaken between the combined 308 cognitive and numerical workflow with a more numerical workflow using script 'wizards' within 309
GoCad to interpolate between borehole points. In Figure 8 The geological structure of the London Basin was generally thought to be a relatively simple north-340 east trending syncline (Ellison et al. 2004 ). However, the LCM suggests that, in detail, the London 341
Basin is a much more complex structure, being a collection of at least 5 fault-bounded basins (Fig 9  342 and 10). The model also suggests that the project area can be split into two sections or regions, 343 which have behaved differently during the evolution of the basin. This split can be related to the 344 two structural provinces observed within the basement strata in the region (Ellison et al. 2004 ): the 345 northern portion being underlain by the London Platform (part of the Midlands Microcraton) and 346 the southern portion by a zone of transition between the London Platform and the Variscan fold-347 thrust belt (Fig 3) . This change in basement material across the Basin has determined, to a large 348 extent, the type and intensity of the geological features found in each region. 349
350
For example, folding within the project area (Fig. 11) which underlie it. The faults, broadly speaking, can be divided into 3 groups (Fig 9) : ENE trending 360 faults, which downthrow to the north (the majority of faulting within the south-eastern sector); ENE 361 trending faults, which downthrow to the south (northern boundary faults); and northwest trending 362 faults, which downthrow to the west. Displacements range between 10 to 50 m. The LCM modelled 363
Chalk surfaces also suggest the presence of a central structural high. The central structural high is 364 bound to the west by the NW trending faults and to the north by an ENE trending fault. 365 366
Summary and Conclusions 367
This paper has described a combined cognitive and numerical modelling methodology. 368
In order for this approach to work, two key developments were necessary; the availability of digital 369 geological data within the UK and the inter-operability between modelling packages, which 370 provided the tools necessary to integrate different types of digital geoscientific data and modelling 371 approaches. This methodology was developed in order to overcome the problem of having an 372 uneven distribution of borehole/subsurface data which was clustered around linear routes e.g. 373 infrastructure developments and a limited amount of surface exposure of the Chalk in central 374
London, (either because the stratum was at sub-crop or because it was covered by superficial 375 deposits and/or the built environment). It was found, that to produce the most realistic 3D model 376 possible, large quantities of data was not enough; it was also essential to use the correct processing 377 method. The method had to produce surfaces (faults and stratigraphic horizons) that not only 378 honoured the data but were also geologically reasonable and finally, the resultant model had to be 379 repeatable, in other words the hypotheses or concepts used to generate the model had to be 380 captured. 381
382
The project therefore had to incorporate specialist geological knowledge from a geologist more at 383 home with traditional field surveying techniques than 'state of the art' computer modelling 384 packages. Consequently it was essential that a methodology was developed that enabled the 385 Geologist to not only capture his knowledge and understanding of the geology of Chalk in London 386 but to also provide a means of selecting areas of possible faulting and finally to achieve a 387 geologically reasonable solution even in areas where the data was sparse or uncertain. 388 389 Therefore the accuracy of any 3D digital model will depend not only on the data, its density and 390 quality, but also on the theoretical understanding of the underlying geology by the modeller. It 391 follows therefore that, when assessing the confidence or uncertainty of a model, a key component 392 should be the modeller's theoretical knowledge and experience (Royse et al. 2009 ). This becomes 393 more critical when the model is to be used to generate further numerical datasets as is the case in 394 the London Chalk Model. All users of 3D models must be able to understand the limitations of the 395 data on which they base their assessments. Improvements in 3D modelling methods are allowing 396 geoscientists to introduce a far greater level of realism into their 3D models. It is therefore essential, 397 particularly where cognitive modelling techniques have been used, that users are able to understand 398 how the model was produced as well as the density and quality of the data used. One way to 399 achieve this is to compile metadata files during the modelling process. These files should contain 400
information on exactly what modelling processes were undertaken, the modellers understanding of 401 the geological setting, what data was discarded and why these actions were taken. As Users, 402 ultimately, need to be able to assess the risk associated with using 3D models, so that sound 403 decisions can be made (Royse et al 2009) . 404
405
The methodology combined together the combined functionality of GSI3D and GoCad. This 406 approached allowed the modeller to capture an interpretation of the geometry and thickness of 407 each geological unit (Kessler et al. 2009 ), to pick out areas of faulting and generalise the faults 408 into a coherent fault pattern, and finally, using numerical techniques in GoCad, to smooth and cut 409 the model by the generated fault pattern. In essence it provided a conduit through which the 410 capture of specialist geological knowledge could be achieved and used within a 3D modelling 411 environment. It was essential that metadata was kept with the modelling project, so that a record of 412 the concepts and processes performed on the model were recorded. This would mean that the 413 modelling procedures could, at a later date, be reproduced. 414
415
The resultant model is more consistent with current geological observations and theories and as a 416 consequence the model is a closer representation of geological reality. For example the model 417 predicts that the Greenwich fault continues into north east London and that there is faulting to the 418 south of the River Lea (Fig 6d) . 
